The intermetallic compound FeGa 3 is a narrow-gap semiconductor with a measured gap between 0.2 and 0.6 eV. The presence of iron d states on the top of the valence band and on the bottom of the conduction band, together with its moderate electronic correlation (U/W ∼ 0.6), have led to the question of whether there is magnetic order in this compound. We have examined the possible presence of magnetism in FeGa 3 as well as its electronic structure at high pressures, using the density functional theory (DFT) + U method with the intermediated double-counting scheme. We have found that for an optimized value of the Yukawa screening length λ, there is no magnetic moment on the iron ions (μ = 0), implying that FeGa 3 is nonmagnetic. We have also found that around a pressure of 25 GPa a metal-insulator transition takes place.
I. INTRODUCTION
Intermetallic narrow-gap semiconductors have very interesting electronic, magnetic, thermoelectric, and transport properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Among these compounds, FeGa 3 (which has the Fe d states on the top and the bottom of the valence and conduction bands, respectively) has emerged as an attractive compound to study the regime between weakly and strongly correlated materials. [5] [6] [7] [8] [11] [12] [13] [14] [15] On one hand, some experimental measurements of the conductivity, magnetic susceptibility, Mössbauer spectra, specific heat, etc., have not shown distinctive features of a very strong electronic correlation, and these results also indicate the absence of magnetism in this compound. 10, 11 Nevertheless, the size of the ratio between the on-site Coulomb interaction (characterized by the Hubbard U parameter) and the bandwidth of the Fe d electrons (U/W ∼ 0.6) is comparable to other correlated materials. 5, 8, 14, 16, 17 These clues have led to a first-principles density functional theory (DFT) + U study of the magnetic order in this compound, showing evidence of a "spin-singlet" coupled Fe dimer with antiferromagnetic (SS-AF) order (with a magnetic moment of 0.63μ B /Fe ion for Hubbard U = 2 eV). These results were obtained using the fully localized atomic limit (FLL) for the double-counting (DC) term for DFT + U . 8 A recent muon spin rotation measurement suggests that the existence of a spin polaron band is consistent with the SS-AF scenario, in which Fe moments exist at all temperatures. 3 However, due to the moderate electronic correlation in this material, the FLL is not appropriate to study this compound, and it could lead to an erroneous magnetic ordered solution. 16, 18 It is pertinent to reexamine the possible presence of magnetic order in this compound using DFT + U with a suitable DC scheme for systems presenting weak to moderate electronic correlation, such as the intermediate double counting (INT DC) . 17, 18 On the other hand, it is known that low-electron doping tremendously modifies the electronic and magnetic properties of FeGa 3 .
6,7 Remarkably, electron doping of this compound induces a crossover to metallic behavior and shows some physical properties that resemble strongly correlated metals. Also, Co doping creates local magnetic moments, presumably on Co ions, but there is not a conclusive explanation of the mechanism that triggers the occurrence of magnetic order in this compound. 7 The effect of external pressure provides a very useful means to modify the strength of the hybridization between the Fe d and Ga s and p states, making it possible to study systematically the electronic and magnetic structure without introducing any chemical perturbation, charge carriers, or defects. While some chemical substitution studies of FeGa 3 have revealed a metal-insulator transition (MIT) due to electron doping, 6 ,7 the effect of volume compression has not been employed yet. In this work we show that in FeGa 3 there is no presence of SS-AF and propose that the application of an external pressure on this compound changes its electronic structure profoundly, causing a MIT around 25 GPa.
II. METHOD OF CALCULATION
Spin-polarized first-principles DFT and DFT + U calculations have been carried out using the full-potential augmentedplane-wave method with local orbitals (FP-APW + lo) as implemented in the ELK code. 19 For the exchange-correlation energy functional we have employed the generalized gradient approximation (GGA). 20 The DFT + U approach is applied following the methodology described in Ref. 18 with Yukawa screening 16, 18, 21 and the INT-DC scheme. 17, 18 In this DFT + U implementation one adds a Hartree-Fock correction to the DFT-GGA Hamiltonian, where the kernel of the interaction term is the bare Coulomb interaction (1/r 12 parameters individually in the case of d orbitals), and it is only necessary to find one parameter, i.e., λ.
The muffin-tin (MT) radii of Fe and Ga are set to R Fe MT = 2.00 a.u. and R Ga MT = 1.45 a.u., respectively. The parameter R Fe MT |G + k| max governing the number of plane waves in the FP-APW + lo method is chosen to be 9.5. The Brillouin zone (BZ) is sampled with a uniformly spaced k grid of 6 × 6 × 6 for the structural relaxation and 16 × 16 × 16 for the calculation of the dispersion relation E(k) and the total and site-projected densities of states (DOS).
III. RESULTS AND DISCUSSION
FeGa 3 has a simple tetragonal crystal structure, which belongs to the nonsymmorphic space group P 4 2 /mnm, with 16 atoms in the unit cell. 14, 15 Fe ions are located at Wyckoff position 4f (u,u,0), point group C 2v ; one type of gallium, Ga 1 , is located at Wyckoff position 4c (0, 1 2 ,0), point group C 2h , and the other type of gallium, Ga 2 , is located at Wyckoff position 8j (u,u,w), point group C s . One of the main characteristics of this crystal structure is the presence of two Fe dimers: the first dimer is placed along the (110) direction on the plane z = 0, and the second dimer is placed along the (110) direction on the plane z = . Due to the relative isolation of each dimer from one another, the SS-AF ordering was proposed. 8 In the following sections the choice of double-counting scheme in the DFT + U method and the effects of external pressure on the electronic and magnetic structure of FeGa 3 are presented.
A. Double-counting scheme
In DFT + U there are two usual choices for the DC scheme that are adopted depending on the electronic correlation limit to which the material is closer. On one hand, for weakly correlated metals, the around mean field (AMF) limit 22 creates an artificial atomic polarization around the uniform occupations produced by local and semilocal exchange-correlation functionals [e.g., local-density approximation (LDA) and GGA], and it always gives a negative correction to the total energy. On the other hand, for strongly correlated systems, such as antiferromagnetic Mott insulators, one considers an isolated atom in contact with a reservoir of electrons. In this DC scheme, which is called the fully localized atomic limit, 23, 24 the LDA (GGA) levels are shifted depending on their occupations; fully empty states are moved upward by (U − J )/2, and fully occupied states are rigidly shifted downward by (U − J )/2. In addition, the FLL always gives a positive correction to the total energy. However, for real systems and especially in moderately correlated materials, the occupation numbers lie somewhere between the above two limits. For these cases it is more appropriate to apply the intermediate double-counting scheme, 17 which is a linear interpolation between the two limits corresponding to AMF and FLL. Moreover, the INT DC has the correct formula (in the DFT sense) for the total energy since it gives zero correction to it. Other crucial aspects for us to choose the INT DC is that one can, in principle, treat on an equal footing more itinerant and more localized systems, and it turns out that the use of the INT DC is very critical to obtaining the correct magnetic structure of several compounds. 16, 18 Additionally, by using the Yukawa screening methodology for the Slater parameters, we need to find only one free parameter, i.e., the Yukawa screening length λ or, if preferable, the Hubbard U parameter appropriate to the physical system instead of the two usual parameters for d orbitals: U and J . 18, 21 Figures 1(a)-1(c) show the variation of the Hubbard U and intra-atomic exchange parameter J , the calculated band gap E g , and the magnetic moment per Fe ion μ as a function of λ for the experimental crystallographic parameters 14 of FeGa 3 and choosing the SS-AF spin configuration described in Ref. 8 . When the value of λ is decreased, we can observe in Fig. 1(a) that the calculated U ranges from small to moderate (1.4-5.3 eV), whereas J goes from 0.6 to 1.1 eV. The dependence of the calculated E g follows the expected trend to increase its value compared to the GGA band gap [red square in Fig. 1(b) ] when going from small to moderate values of U ; this happens until it reaches its maximum value for U = 3.1 and J = 0.93 eV (λ = 3 a.u. ions with the SS-AF ordering. However, the occurrence of this magnetic order will be ruled out in the next section. With these findings, we have selected λ = 3 and λ = 2.5 a.u.
−1 (U = 3.1, J = 0.93 eV and U = 4.0, J = 1.0 eV, respectively) to carry out the remainder of this work because they give a good estimate of E g and the possibility of SS-AF ordering.
B. Magnetic structure and the equation of state
In a previous study of the electronic and magnetic structure of FeGa 3 , a SS-AF ordering with a magnetic moment of 0.63μ B /Fe ion for U = 2 eV and J = 0.625 eV was found. 8 However, an exhaustive search for the validity of the SS-AF solution was not carried out. Also, the effects of crystallographic relaxation on the magnetic structure were not investigated for this compound. We have performed both types of calculations in order to elucidate the validity of the SS-AF ordering.
To investigate the stability of the SS-AF solution, we have calculated the total energy per unit cell as a function of the magnetic moment per Fe ion using the constrained fix-spin moment energy functional and the Yukawa screening lengths of 3.0 and 2.5 a.u. −1 (note that for λ → ∞, i.e., GGA, there is no magnetic moment in the Fe ions). We have done these calculations for the experimental crystallographic parameters to be consistent with previous work. 8 Figure 2 shows that the obtained values of μ = 0.12 and 0.40 μ B /Fe for λ = 3 and 2.5 a.u. −1 are not stable solutions. In fact, the global minimum for both Yukawa screening lengths is located at μ = 0. This rules out the existence of the SS-AF ordering and corroborates the experimental magnetic studies about this compound, where magnetism was not found. 7, 10, 11, 14 To further investigate this issue, we have also studied the effects of external pressure on FeGa 3 . Figures 3(a)-3(d) show the total energy of the unit cell, the external pressure, the interionic distances, and magnetic moment per Fe ion in terms of the reduced volume ( 0 ). In Fig. 3(a) it is observed that the GGA nonmagnetic solution is more stable for the equilibrium volume, where the calculated stabilization energies ( E = E λ→∞ − E λ ) are −8.6 and −76.16 meV/Fe for Table I . These volumes are in much better agreement with the experimental volumes than the ones calculated by means of LDA.
14 It is noteworthy to observe that the calculated GGA equation of state (EOS) is lower for all the calculated reduced volumes from 1.01 to 0.85 compared to the DFT + U calculated EOS. Moreover, for reduced volumes smaller than 0.85 the GGA and DFT + U calculated EOS converge to the same total energy values. For λ = 2.5, this happens when the calculated Fe magnetic moment collapses [ Fig. 3(c) ]. At the pressure range between 15 and 42 GPa the electronic correlation becomes weak, and the semilocal exchangecorrelation functional is sufficient to describe the physics of this compound. Additionally, we can observe in Fig. 3(d) the variation of the interionic distances. The Fe-Fe dimer distance decreases with the applied pressure to values close to the Fe bcc structure (2.4825Å). More significant, it is the change in the distances between Fe-Ga 1 and Fe-Ga 2 , where it is observed that both interionic distances decrease with pressure, and it is remarkable that around / 0 ≈ 0.85, the Fe-Ga 1 distance (both ions are on the same plane) becomes larger than the FeGa 2 distance. These have a profound effect on the hybridization of the Fe d and Ga s and p states and the character of the top valence bands, as discussed in the next section.
C. Electronic structure
The effect of external pressure on the electronic structure is an important probe to modify the strength of the hybridization between the Fe d and Ga s and p states. This allows the possibility to study systematically the electronic structure without introducing any chemical perturbation, charge carriers, and defects. Figures 4(a) -4(c) and 5(a)-5(c) show the calculated dispersion relation E(k) and DOS of FeGa 3 using GGA and DFT + U (with λ = 3 a.u.
−1 ) for the respective equilibrium volumes (P = 0 GPa), for an intermediate pressure (P = 15 GPa), and at high pressure (P = 42 GPa).
At P = 0 GPa, the GGA and DFT + U electronic structures present many similarities: in the whole energy range shown in Figs. 4(a) and 5(a) , it is observed that the valence bands (vb) and conduction bands (cb) are built up from the hybridization of Fe d states (thick black lines) and Ga s and p states (thick red lines for Ga 1 and thick green lines for Ga 2 ). The valence band maximum (vbm) is located in the ZA direction, close to the A point, whereas the conduction band minimum (cbm) is located in the Z direction. The difference between the calculated indirect band gaps is small, 0.34 eV for GGA and 0.42 eV for DFT + U . The character of the four top vb are dominated by Fe d states (∼68%), and the contributions of Ga s and p states are evenly weighted (∼16% for each Ga type). The vbm eigenvalue character is mainly built up of Fe d xz , d yz , and a small contribution of d x 2 −y 2 orbitals, and there is a less significant contribution of Ga 1 s and p z orbitals and Ga 2 p x and p y orbitals. Although the similarities of the electronic structure, especially in the cb, between GGA and DFT + U are remarkable, there are some important differences in E(k), such as the obvious shift to lower energies of the top four vb (in the energy window between −0.17 and −0.82 eV) of the Fe d states due to the Hubbard U term. That shift is almost rigid, and the topology of the top two vb is basically not affected. However, there are remarkable differences for the second two vb in the ZA direction; for GGA these bands do not touch the next set of lower vb (which have more Ga s and p character), whereas for DFT + U these bands merge with those lower vb. As a result, the pseudogap observed in the GGA DOS at ∼−0.82 eV becomes less deep and wide with DFT + U . Another important difference in E(k) is observed around the M point, where the bands located at ∼−1.1 eV for GGA rise to higher energy (∼−0.8 eV) when the Hubbard term is included.
The effect of external pressure on the electronic structure is already significant at the moderate value of 15 GPa the contributions of Ga 1 and Ga 2 s and p states are ∼20% and ∼22%, respectively. On the other hand, the gap at the point has widened in comparison to the equilibrium volume. Also, the DOS is lower and wider. At this pressure the hopping term in the DFT + U Hamiltonian is completely dominant over the Hubbard U term, implying that the electronic correlation is weak and well described at the GGA level. The calculated electronic structure at the highest pressure reached in this study (P = 42 GPa) is shown in Figs. 4(c) and 5(c). As in the case of moderate pressure, the GGA and DFT + U electronic structures have no significant differences. One can observe that for this pressure a MIT has taken place, where the Fermi level now crosses the top two vb and the bottom two cb at lower pressures. These four conduction bands across the Fermi level show even more Ga s and p character (∼54%), and the Fe d-state contribution decreases to ∼46%. Also, we can observe that the main peaks of the DOS are lower and wider.
The behavior of the band gap versus the applied pressure is shown in Fig. 6 for different values of the Yukawa screening length. The behavior of the band gap decreases linearly for GGA, with dP d = −0.016, and the closure of the band gap occurs close to 25 GPa. For DFT + U , the behavior is almost linear for λ = 3.0 and deviates strongly from this behavior for λ = 2.5. Further, around P = 27 GPa the band gap is closed as well. The MIT is taking place in a pressure range where the change in the interionic Fe-Ga 2 distance becomes shorter than the distance between the Fe and Ga ions located on the same plane (Fe-Ga 1 ). This shortening of the Fe-Ga distances leads to a higher predominance of the Ga s and p states over the Fe d states around the Fermi level, which could be responsible for the present MIT.
IV. CONCLUSIONS
We have ruled out the presence of AF-SS magnetic order in FeGa 3 , confirming that this compound is not magnetic. The electronic structure of this compound could be put into the regime of weakly correlated materials at its equilibrium volume, and the effect of the external pressure leads it to a regime where GGA is sufficient to describe adequately its electronic structure, even at moderate pressures. We have also found that around a pressure of 25 GPa a metal-insulator transition takes place.
